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ABSTRACT 1 
Traditionally, crash data, crash risk models, video recordings and user surveys have been utilized by 2 
agencies to measure the safety benefits of ramp metering technology. Connected vehicle data can now 3 
provide an agile evaluation alternative for quantifying impact of ramp meter deployments.  Furthermore, 4 
in contrast to crash data, connected vehicle near miss events occur much more frequently, so the 5 
before/after evaluation can be conducted over  a much shorter time period of a few months, or perhaps 6 
even a few weeks.   7 

Indiana deployed ramp meters on the southeast section of I-465 around Indianapolis, on or around 8 
May 14, 2024, primarily during the morning and evening peak commute hours. Hard-braking events, a 9 
surrogate safety performance measure, were estimated from high-frequency connected vehicle data 10 
available at 3-second fidelity for vehicles passing through the metered ramps and the adjacent mainline 11 
interstate. A before-and-after analysis for the 4-5 PM peak hour showed approximately 61% reduction in 12 
hard-braking events on sections of mainline interstate adjoining the metered ramps merge areas on the 13 
inner loop of I-465. Spatial analysis also showed a 52% reduction in hard-braking events in the entire 7.5-14 
mile mainline corridor adjacent to metered ramps.  15 

The methodologies and performance measures provided in this paper present a framework that 16 
scales well to systematically assess and document the performance of new ramp metering deployments. 17 
 18 
Keywords: Connected Vehicles, Hard Braking, Ramp Metering, Safety   19 
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INTRODUCTION 1 
Ramp meters are a tool used to mitigate congestion and crashes on freeways.  Ramp meters 2 

consist of traffic signals on freeway ramps that cycle quite frequently so that traffic is metered on the 3 
freeway at a uniform rate. The Federal Highway Administration (FHWA) classifies their benefits into 4 
three main categories namely mobility, safety and reduced environmental impacts (1). A vast body of 5 
existing literature has captured and well documented the mobility impacts of ramp metering in terms of 6 
mainline congestion, overall delay (2), travel times (3) and travel time reliability (4). The focus of this 7 
paper is the evaluation of the safety benefits of ramp metering technology through the use of widely 8 
available connected vehicle (CV) data at representative market penetration rates. 9 
 10 
Safety Benefits of Ramp Metering 11 
 Crash prediction models, neural network models and microscopic traffic simulations (5) have 12 
been used to help quantify the safety effects of ramp metering on freeways for I-95 in Miami, Florida (6), 13 
I-880 in Hayward, California (7), and I-4 in Orlando, Florida (8). An examination of vehicular collision 14 
data for a sample of 19 ramp meters in Northern California showed a 36% reduction in freeway collisions 15 
near on-ramp exits (9). Video cameras have similarly been utilized to observe detailed driver behavior 16 
and acceleration profiles as users navigate a ramp meter (10, 11). Traditional safety evaluations of ramp 17 
metering deployments have heavily focused on documenting driver behavior as they navigate a metered 18 
ramp with little visibility on the impacts on mainline traffic.While these techniques provide extremely 19 
detailed insights into driver behavior, they require long data collection, processing and analysis periods 20 
and it is very difficult to obtain acceleration or deceleration data with much fidelity. This lack of high 21 
quality quantitative data on acceleration or deceleration rate data presents an opportunity to further 22 
address this gap in the literature.   23 

 24 
Application of CV Data 25 

Emerging CV data has been utilized by a number of transportation agencies to evaluate the safety 26 
benefits of multiple solutions such as queue warning trucks (12), work zone safety measures, intersection 27 
safety among others. Due to the availability of CV data on both the adjacent freeway and metered ramp, a 28 
more complete evaluation can be performed considering both sets of traffic profiles.  Of particular interest 29 
is the ability to collect near misses by tabulating the frequency and distribution of hard braking events.   30 
  31 
 32 
SCOPE AND OBJECTIVE 33 
 The objective of this paper is to utilize CV trajectory data and hard-braking events to perform a 34 
before-after evaluation of the impact of ramp metering recently deployed on Interstate I-465 in southeast 35 
Indianapolis. This includes two analysis regions: 36 

• Individual ramp merge areas with metered entrance ramps, using a 0.4-mile evaluation area. 37 
• Overall 7.5-mile corridor with 5 meteredentrance ramps. 38 

 39 
METHODOLOGY 40 
 This section describes the study location, an overview of the ramp metering deployments and a 41 
short description of the CV data and associated methodology for deriving hard-braking events utilized for 42 
this analysis. 43 
 44 
Study Location 45 

The Indiana Department of Transportation (INDOT) commenced ramp metering operations on I-46 
465 in southeast Indianapolis between I-65 and I-70 in early May of 2024 (13). Figure 1 shows a map 47 
view of the ramp metering deployments (8 solid red dots) in southeast Indianapolis on I-465 between I-65 48 
and I-70 starting in the spring of 2024, along with an inset Indiana map for geographical context. The 49 
analysis focuses on 5 metered entrance ramps in the inner loop (clockwise) direction of travel of I-465 50 
labeled in the direction of travel from A through E. The ramps respectively in order are – A (Washington 51 
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St.), B (Brookville Rd.), C (Shadeland Ave.), D (Southeastern Ave.) and E (Emerson Ave.). Selected 1 
drive through footage of a motorist’s view as they approach these ramp meters at five locations is shown 2 
by the images in Figure 2. Ramp meters were utilized during peak travel periods and when crashes 3 
occurred. In alignment with the same, the analysis presented by this study focuses on the 4-5 PM peak 4 
travel period for weekdays that witnesses heavy commuter traffic on a daily basis. 5 

 6 
Figure 1 Ramp Metering Deployment Locations on I-465 7 
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 1 

Figure 2 Drivethrough Footage of Ramp Meters on I-465 2 

CV Data 3 
Connected vehicle data available at 3-second frequency from two third-party data providers were 4 

utilized for this study. Beginning June 2023, the CV market experienced a loss in data owing to which a 5 
direct before-after year-over-year comparison could not be accomplished from August 2023 to August 6 
2024. CV data availability resumed in June of 2024. This CV data used for this study represents 7 
approximately 4.6% market penetration on interstate roadways in Indiana (14). Each CV waypoint 8 
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contains encoded geoposition, speed, heading and an anonymized trajectory identifier attribute. Using this 1 
trajectory identifier, deceleration at or under 0.2g between consecutive waypoints was computed (for all 2 
waypoints a maximum of 3-seconds apart and a minimum of non-zero seconds apart to weed out 3 
reporting inaccuracies and outliers) and extracted. These deceleration values (referred to as hard-braking 4 
henceforth) were utilized for the safety analysis in the text that follows. Hard-braking events have been 5 
effectively utilized in past studies to correlate crash activity in freeway work zones (15), at interstate entry 6 
and exit ramps (16) as well as a variety of intersection types (17, 18). 7 

Ramp Meter Purdue Probe Diagrams 8 
Purdue Probe Diagrams (PPDs) are spatio-temporal plots representing the distance (y) and time 9 

(x) to a defined point (the origin) (19).  Under a traditional signalized approach, the origin is represented 10 
as the far side of the intersection; however, with creative interpretation, more complex systems can be 11 
plotted: three- and four-phased conventional diamond interchanges, diverging diamond interchanges, 12 
continuous flow interchanges, roundabouts, traditional stop-control, and more (20).  PPDs can similarly 13 
be used to visualize ramp metering by assuming the “far side” to be the stop bar of the meter, plus some 14 
small buffer to account for GPS error and vehicles occasionally stopping just over the stop bar. 15 
Furthermore, PPDs from any upstream intersection can be combined for upstream insights (such as 16 
spillback) from the meter. Finally, downstream insights from the meter visually indicate trajectories either 17 
being able to merge freely onto the interstate or having to gradually merge onto the mainline while 18 
yielding to mainline traffic. 19 
 From the PPD of the Shadeland Ave ramp meter shown in Figure 3, a variety of trajectories are 20 
observed passing through this meter, some that flow freely possibly when the ramp meter is inactive, 21 
while some that have to stop (and thus brake) multiple times as they navigate this entrance ramp to I-465.  22 
In general, almost all vehicles passed through the ramp meter in under 2 minutes. 23 
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 1 
Figure 3 Purdue Probe Diagram of Shadeland Ramp Meter (16:00-17:00) (Weekdays August 5-23, 2 
2024) 3 

Figure 4 shows an illustrative example of two types of CV trajectories passing through one of the 4 
metered ramps on Southeastern Ave. In times of an inactive ramp meter, the trajectory moves relatively 5 
unimpeded through the ramp, while during times of active ramp metering, the trajectory has to stop at the 6 
meter which is about 500 feet along the ramp. As most trajectories during peak hours will need to stop at 7 
the ramp, the hard-braking characteristics are similar to a traffic signal and were not studied.  The focus of 8 
the hard-braking analysis was on the adjacent sections of mainline interstate on which motorists would be 9 
merging by using the metered ramp. This allows us to gain insights into changes in braking behavior by 10 
mainline motorists to allow merging traffic to enter. 11 
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 1 

Figure 4 Examples of trajectories passing through Southeastern Ave Entry Ramp 2 

For a systematic analysis, the entire evaluation mainline corridor on I-465 inner loop (IL) from mile 3 
marker (MM) 44.5 to MM 52.0 is evenly split into 0.1-mile spatial polygons covering the entire width of 4 
the roadway. CV data-derived hard-braking events are then spatially joined to these polygons, and each 5 
assigned a corresponding MM and direction of travel. This allows for efficient analysis at the 0.1-mi 6 
resolution as well at the entire corridor level. Existing studies have established the benefits of this linear 7 
referencing technique to systematically and scalably analyze billions of CV trajectory waypoints (21). 8 

TABULATION OF HARD-BRAKING EVENTS DURING THE STUDY PERIODS 9 
 The following text discusses the analysis performed by this study to quantify the change in hard-10 
braking behavior at – merge areas of metered ramps, and the overall corridor connecting five metered 11 
ramps. For a consistent comparison, 3 weeks of data from 4-5 PM on weekdays between May 1-19, 2023 12 
was utilized as a ‘before’ dataset and compared with 3 weeks of data from 4-5 PM on weekdays between 13 
August 5-23, 2024 as an ‘after’ dataset corresponding to a period where ramp metering deployments had 14 
been active for more than 3 months starting May 2024. Additionally, the severity of hard-braking events 15 
has been categorized into three distinct bins – namely mild (0.2-0.25g), moderate (0.25-0.3g) and severe 16 
(>0.3g). This presents a novel approach at being able to customize hard-braking thresholds per an 17 
agency’s requirement rather than relying on traditional OEM-determined thresholds of instantaneous 18 
hard-braking events. 19 
 20 
HARD-BRAKING NEAR MERGE AREAS 21 
 A spatial representation of hard-braking activity near the Brookville Rd. ramp is visualized by 22 
Figure 5. The merge point of the ramp with the mainline interstate is identified, and a 0.1 mile upstream 23 
and 0.2 mile downstream analysis section is identified to observe hard-braking activity impacts near 24 
merge areas of metered ramps. In the ‘before’ period, a cluster of hard-braking events is visible exactly at 25 
the merge location and downstream of the merge. However, this cluster is significantly sparser in the 26 
‘after’ period pointing to discernible safety benefits of ramp metering resulting in mainline motorists 27 
having to hard-brake less due to the regulated flow of merging traffic coming from the ramp meter instead 28 
of tightly packed platoons. A single CV trajectory may experience consecutive instances of hard-braking 29 
and all such events have been considered for this part of the analysis. 30 
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(a) Before (May 2023) (b) After (August 2024) 

Figure 5 Mainline hard-braking events before and after ramp metering at Brookville Rd ramp 1 

Table 1 documents the change in hard-braking event counts before and after ramp metering deployment 2 
on the five ramps A-E analyzed on the inner loop of I-465. The merge areas as discussed earlier are 3 
defined as a 0.4-mile long spatial polygon, extending 0.1 miles upstream of the merge point and 0.2 miles 4 
downstream. Across all five merge areas, a 61% reduction in hard-braking was observed, with the highest 5 
reductions seen in the moderate hard-braking events category, followed by the severe and mild events. All 6 
categories of hard-braking see a reduction in the after period, except for the ‘Severe’ category in Ramp A 7 
which may be attributable to a small sample size or potentially a freeway incident. 8 
 9 

0.1 mi upstream

0.2 mi downstream

Merge
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Table 1 Hard-braking Events Near Merge Areas 1 

Ramp Before (May 2023) After (Aug 2024) % Change 
Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe 

A 131 58 10 120 31 14 -8% -47% 40% 
B 136 66 19 80 26 8 -41% -61% -58% 
C 172 82 28 11 4 3 -94% -95% -89% 
D 171 64 28 40 16 9 -77% -75% -68% 
E 67 24 11 38 12 3 -43% -50% -73% 

Total 677 294 96 289 89 37 -57% -70% -61% 
Overall 1,067 415 -61% 

 2 
HARD-BRAKING ALONG 7.5 MILE OVERALL CORRIDOR 3 
 In contrast to the prior section, and to avoid duplication of events, if a CV trajectory experienced 4 
multiple hard-braking events over consecutive waypoints, only the first such hard-braking event was 5 
considered for this part of the analysis. A total of 4,231 estimated hard-braking events across the 7.5-mile 6 
analysis corridor before and after ramp metering deployments have been graphically represented in 7 
Figure 6a. The severity of hard-braking events has been categorized, same as earlier, into three distinct 8 
bins – namely mild (0.2-0.25g), moderate (0.25-0.3g) and severe (>0.3g). Hard-braking event counts at 9 
each MM in the ‘before’ period from May 2023 are shown in slightly translucent bars, while those from 10 
the ‘after’ period in August 2024 are shown by solid bars right next to it. A reduction in hard-braking is 11 
seen throughout the corridor at nearly every MM. Due to the time gap in the before and after evaluation 12 
periods, a normalized hard-braking count (dividing hard-braking event counts by the number of unique 13 
trajectories passing through that MM) is also summarized in Figure 6b. The normalized version also 14 
shows very consistent results and systematic reductions from the ‘before’ to ‘after’ period across the 15 
analysis corridor. This points to a systematic reduction in hard-braking and indicates potential safety 16 
benefits of ramp metering deployments. 17 
 18 
 19 
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(a) Raw Hard-braking Events 

 
(b) Normalized Hard-braking Events by Trajectory Count 

Figure 6 Raw and Normalized Hard-braking Events by MM before and after along analysis 1 
corridor 2 

A cumulative frequency distribution plot of the total raw hard-braking event counts as well as total 3 
normalized hard-braking event counts for every 0.1 mile along the analysis corridor (75 segments totaling 4 
7.5 miles) is shown in Figure 7. The distributions clearly show a leftward shift in the ‘after’ period 5 
compared to ‘before’ pointing to a reduction in the number of raw as well as normalized hard-braking 6 
events per 0.1 mile of the analysis corridor. Summary statistics from this distribution are discussed in the 7 
following text. 8 
 9 
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(a) Raw Hard-braking Events 

 
(b) Normalized Hard-braking Events by Trajectory Count 

Figure 7 Raw and Normalized Hard-braking Events per MM before and after cumulative 1 
frequency distributions 2 

Correspondingly, similar reductions in hard-braking events are observed on the overall corridor home to 3 
the ramp metering deployment on the inner loop of I-465. Hard-braking event counts on average for every 4 
0.1-mile segment dropped by 51% after ramp metering, and normalized event counts dropped by 52%, 5 
showing aggressive or evasive braking behavior being cut down in half across the corridor. This 6 
demonstrates encouraging insights into the far-reaching impacts of ramp metering not only in adjacent 7 
merge areas but on the overall adjacent mainline corridor as well. 8 
 9 
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Table 2 Summary statistics of change in hard-braking activity on I-465 IL 1 

Statistic 
Raw Events 
(HB Count) 

Normalized Events 
(HB Count/Trajectories) 

Before After % Change Before After % Change 
25th Percentile 22 5 -77% 0.0063 0.0015 -76% 
50th Percentile 39 12 -69% 0.0114 0.0033 -72% 
75th Percentile 52.50 25.75 -51% 0.0155 0.0075 -52% 
Mean 38.03 18.64 -51% 0.0111 0.0054 -52% 

 2 
CONCLUSIONS 3 

This study presented a before-after analysis of hard-braking events observed on the mainline 4 
interstate in the vicinity of ramp meter deployments in southeast Indianapolis for the 4-5 PM peak 5 
commuter hour over 3 weeks in August 2024 compared to 3 weeks in May 2023 prior to any deployment. 6 
Widely available CV data at representative market penetration rates were utilized for the analysis and 7 
hard-braking events were estimated using pairwise velocity differences between consecutive CV 8 
trajectory waypoints. The analysis included both a raw hard-braking event count comparison as well as 9 
one normalized by the trajectory count for each period.  10 

The study found significant reductions in hard-braking activity after ramp deployment, including: 11 
o Overall, a 61% reduction in raw hard-braking events was observed in the immediate 12 

mainline vicinity of ramp meters (0.1 mile upstream of merge to 0.2 miles downstream of 13 
merge). 14 

o Correspondingly, the entire corridor witnessed a nearly 52% reduction in raw and 15 
normalized hard-braking event counts on average for every 0.1 mile.  16 

This indicates the significant safety performance benefits of ramp metering resulting in mainline 17 
interstate motorists having to hard-brake less often due to potentially smoother merging operations on 18 
metered entry ramps. CV data presents a scalable and very feasible option for performing before-after 19 
safety performance analysis such as that demonstrated by this study. These techniques can easily be 20 
applied to other transportation system management operation evaluations such as variable speed limits, 21 
for example. 22 
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